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Cosmology Landscape

Origin of initial fluctuations 
What is inflation?  

What is dark matter? 
What is dark energy? 

How did the Universe reionize? 
How did the structure grow and evolve? 

……. 

Mapping all available information in the 
Universe!
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•“Intensity Mapping” (Chang+ 2008, 
Wyithe & Loeb 2008):

•Measure the collective emission from a 
large region, more massive and 
luminous, without spatially resolving 
down to galaxy scales.

• Use spectral lines as tracers of 
structure, retain high frequency 
resolution thus redshift information

• Measure brightness temperature 
fluctuations on the sky:  just like 
CMB temperature field, but in 3D   

• Low-angular resolution redshift 
surveys:  economical, large survey 
volumes

• Confusion-limited.  Foreground-
limited.

Line Intensity Mapping (IM)

courtesy Phil Korngut



Intensity Mapping Sciences
2 Li et al.
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FIG. 1.— Input and output of our modeling process, i.e. initial dark matter halos and final CO intensity map (details in §2.2). These plots illustrate one
realization of the pathfinder experiment’s survey volume (§2.4 and Table 2), while the full experiment’s survey area is 2.5 times larger. Top: Halos in the
3D volume, rendered to scale in comoving distance. Along the line-of-sight direction, we label the equivalent cosmological redshifts and redshifted CO(1-0)
frequencies. Middle: 2D projections of halo positions. The left image shows the “front” view of halos that would fall into the highest 40 MHz frequency channel,
or lowest redshift slice. The pathfinder beam size is shown for scale. The right image shows the “side” view of halos to a depth of 6 arcmin, or one beam
width. Bottom: CO intensity map produced by our fiducial model. The slice volumes are the same as above, albeit with comoving depth converted to observed
frequency. The same large-scale structure is readily apparent in both images, even with the lower resolution of the intensity map. The analysis in this paper relies
on the power spectrum of this map (see Fig. 3).

et al. 2013). Our current understanding of star formation and
gas content in this epoch is incomplete, and largely limited
to the bright end of the relevant populations. In the longer
term, observations at these redshifts could serve as a stepping
stone for future CO observations that reach into the epoch of
reionization (Carilli 2011; Gong et al. 2011; Lidz et al. 2011).

Previous predictions for the intensity of the CO signal vary
by more than an order of magnitude (Breysse et al. 2014, at
z ⇠ 3). The wide range simply reflects the current scarcity
of data for typical high-redshift galaxies. It is possible to di-
rectly simulate these galaxies, but such simulations are expen-
sive and still are quite uncertain. These uncertainties suggest

a need for alternative probes of high-redshift galaxy popula-
tions, especially over numbers and/or volumes currently inac-
cessible to traditional surveys.

Given the modeling uncertainties, predictions of the ex-
pected signal will only go so far, at least until a measurement
is attempted. Here we also ask, what could we learn from in-
tensity mapping if a measurement is made? More precisely:
given hypothetical but tractable intensity mapping observa-
tions, what can we infer about the properties and distribution
of the underlying galaxy population? To our knowledge, this
question has not yet been directly addressed in the literature.
Here we put these questions in the context of CO surveys that

 A tracer of the 3D large-scale 
cosmic structures:

Luminosity-weighted density field

Astrophysics: L(M)
Cosmology: PL(k, z)

Brightness 
temperature 
fluctuations 

dT(θ, ν)

Li+16



(21cm, CO, [CII], Lya, Ha) Intensity Mapping 
Experiments

Intensity Mapping status report (Kovetz+ 2018)

2 Introduction

1.2 Targets for Line-Intensity Mapping

A wide range of spectral lines have been considered for intensity mapping studies [1]. While most work
has focussed on the 21-cm line, there is growing interest in the [CII] fine-structure line [2–4], the Ly↵ line
[5–8], and rotational CO lines [9–14]. Much of the initial motivation was to probe the epoch of reionization
[15] (EoR) at redshift z ⇠ 10, but increasingly the focus has extended to large-scale structure at lower
redshifts. The experimental front has been evolving rapidly with several preliminary detections and a host
of new experimental projects, which include an array of suborbital instruments, and at least two major
satellite mission concepts [16, 17]. Fig. 2 shows the accessible scales and redshifts of some of these upcoming
line-intensity mapping experiments.

Figure 2. A representative list of current and proposed intensity mapping experiments. The horizontal
axis shows the redshift range of each experiment and the vertical axis indicates the range between the
maximum resolution of the instrument and the total sky coverage. These include COPSSII, AIM-CO and
COMAP which will target CO at medium redshifts, CONCERTO, CCAT-p and TIME which target [CII]
at EoR redshifts, GBT, CHIME, HIRAX and HERA which target 21cm and SPHEREx which can measure
H↵ and Ly↵ over a wide range of redshifts at high-resolution. (Courtesy of Ely Kovetz and Patrick Breysse)

One or more of the lines above is observable from redshifts of order unity to redshifts potentially as high as
20 or more. Under the prevailing ⇤CDM cosmological model, this will make it possible to track the growth
of the first structures, the reionization of the Universe and the emergence of dark energy (see Fig. 3). The
accessible cosmic volume is so large that it may be possible to identify even small deviations from ⇤CDM.
Meanwhile, measurements of line-emission over large volumes of space at high redshift may provide a unique
window into astrophysical properties such as the star-formation rate and the density of molecular clouds.

IM Status Report 2017
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IM vs. Spectro. Galaxy Surveys
w/ Yun-Ting Cheng (Caltech), Roland de Putter, O. Doré

• Goal:  map out the 3D large-scale 
structure by measuring the voxel 
luminosity L of a tracer in a 3D volume.

• Density field, δ, is traced by observable 
O(L).

• Spectro. galaxy survey:  O(L) a step function.

• O(L)=1, if L > Lth,  
• O(L)=0, otherwise.  A digitized 3D map. 

• IM:  include all photons.  O(L)=L.                
A continuous 3D map.



• Question:  Given a tracer luminosity function Φ(l, δ), what is 
the optimal observable, Oopt(L)?

• Tool:  Use P(D) — the voxel luminosity PDF in density field δ, 
P(L, δ), to derive Oopt(L).

• Parameters:  
• Signal:  tracer luminosity function, Φ(l, δ), assume a Schechter 

func         l* 
• Noise: assume Gaussian thermal noise       σ(L)
• Confusion noise:  shot noise from fainter sources       LSN

• Optimal Observable:
•  
• Calculate information context for IM and GD

IM vs. Spectro. Galaxy Surveys
A Toy Model



Intensity Mapping (IM) vs. Galaxy Detection (GD)

IM IM

IM GDGD

Cheng et al., 2018



IM vs. Spectro. Galaxy Surveys

IM IM

IM GDGD

21cm 
Intensity Mapping 

Cheng et al., 2018



TIME in a nutshell  
• A [CII] Intensity Mapper for EoR at 5.3 < z < 8.5

• Covering 195-295 GHz at R~100 (183-326 GHz 
including atmosphere monitoring channels) 

• 32 grating spectrometers (2 polarizations)

• 1920 TES bolometer detectors

• 16 spatial pixels and 60 spectral channels  

• FoV: 11 arcmin x 0.4 arcmin

• Nominal survey: ~1 deg x 0.4 arcmin

• Engineering run now:  Jan-March 2019

• 1000 hours of winter observing time at the Kitt 
Peak ALMA 12-m Prototype Antenna, starting 
winter 2019



TIME in a nutshell  

TIME Collaboration

Abigail Crites,  Jamie Bock,  Matt Bradford,  Tzu-Ching Chang, Yun-Ting Cheng, Steve 
Halley-Dunsheath, 

Ben Hoscheit, Jonathan Hunacek, Lorenzo Moncelsi, Roger O’Brient, Guochao Jason 
Sun (Caltech/JPL)

Chao-Te Li, Da-Shun Wei (ASIAA), Victoria Butler, Mike Zemcov (RIT)
Ryan Keenan, Dan Marrone, Issac Trumper (Arizona), Bade Uzgil (NRAO), Asantha 

Cooray (UCI)



TIME Lightcone

TIME traces the 3D large-scale cosmic structures via [CII] and CO and 
measures the luminosity-weighted density field

Astrophysics: L(M)
Cosmology: PL(k, z)

TIME collaboration



TIME Instrument

TIME collaboration
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TIME engineering run @APA

TIME on APA!

Courtesy Jonathan Hunacek



[CII] at high-z

• [CII] is a major coolant in ISM, a tracer of Star formation activities.

• L[CII]/LFIR appears to be ~0.001 - 0.01 at high-z from recent ALMA observations 
(Aravena et al. 2016, Capak et al. 2015)

• ALMA starts to constrain 108.5-9 Lsun systems (Aravena et al. 2016, Hayatsu+17)

TIME collaboration

+ z>4 from Lagache+ ’18   

De Looze et al. 2014
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TIME forecast:  

[CII], CO Power Spectra

• [CII]/CO intensity mapping 
constrains the integral of 
luminosity function via 
clustering and shot-noise power 
spectrum 

• Power spectra SNR ~ 10, 
including estimated signal 
reduction due to observing 
strategy, survey geometry, 
atmospheric and continuum 
contaminations.

TIME collaboration (Sun et al., in prep)
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TIME forecast:

Cosmic [CII] abundance

TIME collaboration (Sun et al., in prep)

TIME



TIME forecast:
SFR constraints at high-z
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TIME forecast:
Reionization history

TIME collaboration (Sun et al., in prep)



TIME forecast:
[CII] x LAE cross correlation

TIME collaboration (Sun et al., in prep)

• [CII] x LAEs from the HSC 
SILVERRUSH survey at z=5.7 

• Currently optimizing the 
survey depth and geometry for 
CO, [CII] and [CII]xLAE 
power spectra



TIME forecast:
[CII] x LAE cross correlation

TIME collaboration (Sun et al., in prep)

• [CII] x LAEs from the HSC 
SILVERRUSH survey at z=5.7 

• Currently optimizing the 
survey depth and geometry for 
CO, [CII] and [CII]xLAE 
power spectra



TIME forecast: 
CO/H2 abundance at z=0.5-2

• TIME will measure multiple 
CO J rotational transitions at 
0.5 < z < 2

• Can be achieved via in-band 
cross-correlations of different 
J lines 

• TIME will constrain the 
cosmic molecular hydrogen 
abundance across redshifts
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Line de-confusion
• High-z [CII] and low-z CO lines can be confused in TIME.

• We are planning to use a combination of well-demonstrated techniques:

• Masking bright, low-z sources: employed in CMB, CIB, EBL and studied for 
IM (e.g., Sun+18, Silva+17). 

• Use the anisotropic power spectrum shape of [CII] and CO (from 
observing to comoving coordinates) to distinguish the lines (Visbal & 
Loeb 2010; Gong+14; Lidz & Taylor 2016; Cheng+ 2016). 

• Cross-correlations of different lines at same redshift (e.g., Visbal & Loeb 
2010; Gong+12, +17).

• Cross-correlations with galaxy tracers (e.g., Chang+10, Masui+13, 
Pullen+13, +18). 



CO, [CII] signal de-confusion:
source masking

TIME collaboration (Sun et al. 2018)



CO, [CII] signal de-confusion:
Anisotropic power spectrum

• High-z [CII] and low-z CO 
rotational lines can be 
confused in TIME

• Use the redshift-
dependence of CO and 
[CII] from observing to 
comoving coordinates to 
distinguish the lines (Lidz & 
Taylor 2016; Cheng et al. 
2016). 

[CII] Line Tomography with TIME Bock et al.
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Figure 4: The cosmic molecular gas history. Current
theoretical predictions of the evolution of ⇢H2 from
several groups are shown [59–61], as well as the state
of current measurements [62–64, 34]. The constraints
from TIME are shown as boxes, colored by the pair
of CO transitions that will be cross-correlated within
the data to uniquely identify power at each redshift.
The TIME measurement is subject to systematic un-
certainty in the conversion of CO to H2, though this
uncertainty applies almost identically to all of the
measurements shown. Outside of a small gap around
z ⇠ 0.75, TIME will chart the evolution in ⇢H2 across
5 Gyr of cosmic time, starting from the period of
peak star formation activity when depletion of molec-
ular gas may have led to the subsequent rapid decline
in the cosmic star formation rate density.

of the instrument, for a very large redshift range (0.5 < z < 2, excluding 0.74 < z < 0.88) we si-
multaneously observe two CO transitions within the band. Through cross-correlation of the TIME
data with themselves at a pair of adjacent CO transitions, we can uniquely identify the contribution
from CO at each redshift. While interpretation of this cross-correlation measurement requires some
assumptions about the excitation of CO, there is substantial evidence from existing observational
data [68, 70] that the range of line ratios for adjacent CO lines is small, minimizing the uncertainty.
There are additional systematic uncertainties in the conversion of CO luminosity to H2 mass [71],
though such uncertainties a↵ect nearly all measurements of the molecular gas content of galaxies,
and are a topic of extensive current investigation at all redshifts. We find that TIME can constrain
the cosmic molecular gas history at high significance, in particular at 0.5 < z < 1, compared to
recent legacy surveys from the PdBI and ALMA [64, 63], and is complementary in redshift coverage
to other dedicated CO intensity mapping survey [34].

3.1 Distinguishing CO from [CII]

For most of the band the CO will be the brighter signal, so initial CO measurements should be
straightforward. Probing deeper in CO and recovering the [CII] requires that the two signals
can be distinguished within the TIME data cube. Fortunately, this issue has been shown to be
surmountable by our group and others using at least two di↵erent methods:
1) Two independent investigations have shown that intensity mapping signals at di↵erent red-

shifts can be distinguished geometrically in the power spectrum space [72, 73]. The isotropy of
cosmological signals on large scales implies symmetric power fluctuations in transverse and line-of-
sight directions in comoving coordinates. As shown in the left panel of Fig. 5, transforming the
TIME data from observed sky and frequency coordinate to the comoving [CII] coordinates leads to
strong anisotropy of the lower-redshift CO signals, as shown in the second panel. This is because

Figure 5: “Deblending” tech-
nique for extracting both
[CII] and CO signals by
distinguishing the shape of
power spectrum in trans-
verse (k?) and line-of-sight
(k||) directions. The left
and right panels show the
isotropy of [CII] power and
the anisotropy of low-redshift
CO(3-2) when it is incorrectly
mapped to the [CII] comoving
coordinate system at z = 6.

5

Cheng, Chang, et al. 2016



[CII], Lya, Ha, 21cm Intensity Mapping: 
large-scale, 3D EoR probes

Density fluctuation
         z~7

 Ionizing sources
 (traced by Ha, [CII])

Heneka et al., 2017

Figure 1. Slices of simulated density (top) and corresponding 21 cm brightness temperature offset dTb (middle) in a 200 Mpc box. Left: redshift z=10 and mean neutral
fraction of =x̄ 0.87.H I Right: redshift z=7 and =x̄ 0.27;H I parameter settings as in Section 2.1. The two bottom panels show for comparison the total simulated Lyα surface
brightness in erg s−1cm−2sr−1; for a detailed description of these simulations and a description of different contributions to Lyα emission taken into account, see Section 2.2.
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with comoving angular diameter distancedA, proper luminosity
distance dL, and c n l= = +( ) ( ) ( )y z d d z H z10

2 (for
comoving distance χ, observed frequency ν, and rest-frame
wavelength l = ´ -2.46 10 m0

15 of Lyα radiation). By
assigning Lyα luminosities to host halos depending on halo
masses, we have created a spatial distribution of galactic
luminosities in our simulation that follows the halo distribution
and therefore is naturally position-dependent, as can clearly be
seen in Figure 2 (top panels). Here we show the Lyα surface
brightness for the direct galactic emission component n ( )xI z,gal

in slices through our simulation, box length 200Mpc, at
redshift z=10 (left) and z=7 (right), with more halos
emitting in the Lyα regime as reionization progresses.

2.2.2. Lyα Emission from the Diffuse IGM

In addition to direct galactic emission, the Lyα emission
region is also composed of the ionized diffuse IGM around
halos(Pullen et al. 2014). Here ionizing radiation escapes the
halos of Lyα-emitting galaxies and can ionize neutral hydrogen
in the diffuse IGM. Similar to the emission from within halos,
Lyα radiation is then reemitted through recombinations. The
comoving number density of recombinations in the diffuse
IGM reads as

a=˙ ( ) ( ) ( ) ( )xn z n z n z, , 11rec A e H II

with the case A recombination coefficient aA for moderately high
redshifts, free electron density =n x ne i b (depending on

Figure 2. Slices of simulations of Lyα surface brightness in erg s−1cm−2sr−1 at z=10 and =x̄ 0.87H I (left) and z=7 and =x̄ 0.27H I (right), with 200 Mpc box
length; Top: galactic Lyα emission n n ( )xI z,gal as described in Section 2.2.1; bottom: scattered IGM component n n ( )xI z,sIGM as described in Section 2.2.3.

5
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   Neutral IGM
(traced by 21cm)

200 Mpc

   Ionized IGM 
(traced by 
scattering Lya, 
[CII]?)



Olivier Doré Cosmology and First Light - December 2015 33

Spectral Line Intensity Mapping 
          with SPHEREx

With 
SPHEREx Science Team



BAO expansion rate H(z) 

Cosmic 
reionization

z

SPHEREx deep fields: 
Narrow-band Line Intensity Mapping



Line Intensity Mapping with SPHEREx
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Fluctuations in Line Emission

Doré et al., arXiv:1412.4872 

• SPHEREx will measure statistically the fluctuations of multiple spectral lines associated 
with cosmic structures across redshift. 

• SPHEREx will measure at high SNR the 3D clustering of multiple line tracers and the 
luminosity-weighted biases. 

Power Spectra of Emission Lines

z=2

http://arxiv.org/abs/1412.4872


Line Intensity Mapping with SPHEREx
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Fluctuations in Line Emission

Doré et al., arXiv:1412.4872 

• SPHEREx will map SFR through cosmic time up to z~5 via Hα Intensity Mapping.

• SPHEREx has the sensitivity to detect Lyα from EoR, inferring ionizing photon production.

12

the cross power spectrum becomes similar to Equation
(19) that needs to be replaced by the terms Pcross(k) and
∆Pcross(k).
In Figure 8, we show the cross power spectra of Hα,

[OIII], [OII] and Hβ lines with the 21-cm line at z =
1.0 ± 0.2. The errors are also shown for the CHIME
and Tianlai experiments in solid and dotted bars, re-
spectively. We find both the SNRs of the cross power
spectra for the CHIME and Tianlai are large enough to
be well measured for all of the four lines at z ∼ 1. The
SNR of Tianlai is larger than that of CHIME, since it
has greater collecting area, more receivers, and higher
resolution, as shown in Table 3. Note that the measur-
able scales of the cross power spectrum are larger than
the intensity power spectrum probed by SPHEREx alone
(see Figure 6). This is because the spatial and spectral
resolutions of CHIME and Tianlai are relatively low, so
that only large scales with k < 1 Mpc−1h can be de-
tected. We find that the detectability of SPHEREx cross-
correlated with CHIME or Tianlai is greatly improved
compared to the current galaxy×21-cm measurements
given by Chang et al. (2010) and Masui et al. (2013).
The SNR of SPHEREx×CHIME and Tianlai is ∼30 for
Hα, [OIII] and [OII] lines, and it is ∼10 for Hβ line at
z ∼ 1. For comparison, the SNR is less than 10 for the
galaxy×21-cm measurements at z ∼ 0.8.
In Table 4, we tabulate the SNRs of the cross power

spectrum for the four optical lines with CHIME and
Tianlai at 0.8 ≤ z ≤ 2.4. As can be seen, the cross
power spectra have large SNRs over the redshift range,
even for the relatively faint Hβ line with SNR>5, and
the foreground line contamination can be reduced sig-
nificantly by cross correlation. This indicates that cross
correlations of the four lines with the 21-cm line are an
advantageous method for extracting the intensity fluctu-
ation signal.
Another similar 21-cm experiment, Hydrogen Intensity

and Real-time Analysis eXperiment (HIRAX), focuses on
the similar redshift range of 0.8 < z < 2.5 as CHIME
and Tianlai for measuring BAO and constraining dark
energy (Newburgh et al. 2016). HIRAX is a new radio
interferometer under development in South Africa, which
is comprised of 1024 six meter parabolic dishes with fre-
quency coverage of 400-800 MHz. It plans to observe
15000 deg2 with drift-scan mode in the Southern Hemi-
sphere in four years. HIRAX can complement the ob-
servations of CHIME and Tianlai in the Northern Hemi-
sphere, and provide additional measurements for BAO
and LSS. The detectability of the cross power spectrum
with HIRAX is similar to CHIME and Tianlai.
Besides, we also estimate the detectability of cross

power spectrum between SPHEREx and Square Kilome-
ter Array phase one mid-frequency dish array (SKA1-
mid)5. SKA1-mid contains one hundred and ninety 15m
dishes and 64 MeerKAT dishes. Since SKA1-mid has rel-
atively few short baselines, it has been proposed to use as
a collection of single dishes for large-scale intensity map-
ping survey (e.g. Bull et al. 2015). We adopt this strat-
egy, and assume a system temperature Tsys = 25 K and
total integration time ttot = 104 hours for a total survey
area As = 10000 deg2. A frequency resolution ∆ν = 3.9

5 https://www.skatelescope.org/

Fig. 9.— The constraints on the SFRD from the Hα intensity as
measured by SPHEREx. The filled blue triangles, green squares,
orange pentagons, red circles and pink inverse triangles are the ob-
servational data given in other works (Schiminovich, et al. 2005;
Oesch et al. 2010; Reddy & Steidel 2009; Bouwens et al. 2014;
Finkelstein et al. 2015). The gray curves show the SFRD given in
Hopkins & Beacom (2006), and the gray region shows the 2σ C.L.
We find that intensity mapping can provide stringent constraints
on the SFRD at z ! 4.

kHz is adopted for SKA1-mid band one. We find the
SNRs of the cross power spectra between SPHEREx and
SKA1-mid are lower than that for CHIME and Tianlai.
For instance, SNR=5.7 for Hα × 21 cm at z = 1, which
is a factor of 5∼6 lower than CHIME and Tianlai. This
is basically due to relatively low spatial resolution for
SKA1-mid single dishes.
We need to note that the sensitivity estimates of cross

power spectra above are assuming perfect foreground
subtraction. Imperfect subtraction, which can be caused
by imperfect instrument modeling, will result in residual
foregrounds as a noise in the observational data. This can
significantly affect the measurements of cross power spec-
tra, especially when considerable residual foregrounds
are left in the data.

6. SFRD CONSTRAINTS

The purpose of performing intensity mapping surveys
is to illustrate the galaxy distribution, measure the BAO
in the large scale structure, and derive the statistical
properties of galaxies and the Universe. Some impor-
tant quantities can be explored by intensity mapping,
such as the SFRD(z), and cosmological parameters in-
cluding ΩM , ΩΛ, dark energy equation of state w, σ8,
Hubble parameter H , and so on. In this section, us-
ing the Fisher matrix, we estimate the constraints on
the SFRD available from emission line intensity mapping
with SPHEREx. Accurate measurement of the SFRD is
essential for the studies of galaxy evolution, extragalac-
tic background light and other related fields, especially
when including faint galaxies. Unlike the ordinary LF
surveys by observing bright galaxies, intensity mapping

Gong et al. 2017

SFRD from Hα intensity mapping
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Table 3: Experimental Parameters for a Possible Lya Mapping Instrument.

Aperture diameter (m) 0.2
Survey Area (AS; deg2) 13
Total integration time (hours) 2900
Free spectral range (Bl ; µ m) 0.85�1.1
Freq. resolution (l/dl ) 220
Number of pixels in 2D array 72900
FOV per pointing; deg2 0.6
Observational time per pointing (hours) 129.5
Survey volume (Mpc/h)3 8.5⇥107

from an assumed Lya intensity mapping experiment which consists of an aperture array with the
parameters described in table 3. The parameters of the 21cm intensity mapping observation with
SKA1-LOW are described in Table 1 for z = 8, and the assumed frequency dependence of instru-
ment system temperature Tsys and the collecting area Ae are as follows: Tsys = Tsky +Trec, where
Tsky = 60

� 300MHz
n

�2.55 K is the sky temperature in Kelvin, and Trec = 0.1⇤Tsky +40K is the instru-
ment receiver temperature. Ae = 925

� 110
n
�2 m2. The Lya intensity mapping calculation is from

Silva et al. (2013). The forecast shows that the 21cm and Lya cross-power spectra can be de-
tected at high SNR values of (789, 442, 273, 462) for z = (7,8,9,10), respectively, and is shown in
Figure 3.
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Figure 3: The SKA1-LOW 21cm and Lya cross-power spectra at z = (7,8,9,10). The Lya models are
based on Silva et al. (2013). The cross-power spectra are predicted to be detectable at > 100 SNR signifi-
cance level, given the assumed survey parameters
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Figure 14. H↵ to Ly↵ cross-correlation coe�cient
CCCH↵,Ly↵ of brightness fluctuations at redshift z = 10 and
z = 7. Shown is the cross-correlation of the sum of galac-
tic and di↵use IGM fluctuations in H↵ with total Ly↵ fluc-
tuations “Ly↵-tot” and with the di↵use IGM contribution
“Ly↵-dIGM” (top), as well as the scattered IGM contribu-
tion “Ly↵-sIGM” (bottom).

total Ly↵ emission, “Ly↵-tot” in both panels of Fig-
ure 14, the CCC is close to one both at both redshifts
z = 10 and z = 7, with a slight decrease toward higher
k. When cross-correlating H↵ emission with the di↵use
(top panel) and the scattered (bottom panel) IGM com-
ponent of Ly↵ emission, the CCC sharply decreases to-
ward smaller scales (higher k). There even is a turnover
from positive cross-correlation at lower k to negative
cross-correlation at high k, at both redshifts z = 10 and
z = 7. The most prominent decrease of the CCC with
k is visible for the di↵use IGM at redshift z = 7 (top
panel, orchid dots). Interestingly, the redshift behav-
ior of the CCC for di↵use IGM versus scattered IGM is
di↵erent.
The di↵erent behaviors for components of Ly↵ emis-

sion when cross-correlated with H↵ emission mostly
tracing galactic emission was shown in this section. This
can be used to single out the IGM contribution to the
total Ly↵ emission and distinguish galactic and IGM
components of Ly↵ emission.

4. SIGNAL-TO-NOISE RATIO CALCULATION

Now that we have simulated 21cm and Ly↵ emission in
order to calculate their respective auto and cross-power
spectra, as well as investigated parameter e↵ects, we
turn to estimating the detectability of these spectra by
future probes of the EoR. We first discuss the 21cm and
Ly↵ noise auto spectra and then their noise cross-power
spectra in the following sections.

4.1. 21 cm Noise Auto Spectrum and Foreground

Wedge

In this section, we consider the noise power spectrum
of 21cm emission, with our signal-to-noise ratio (S/N)
calculation including cosmic variance and thermal and
instrumental noise. We proceed to integrate the so-
called 21cm foreground wedge in our S/N calculations.
Instrument specifications are taken to match the SKA
stage 1 (Pritchard et al. 2015) for line intensity mapping
of the 21cm brightness temperature during the EoR.
The variance for a (dimensional) 21cm power spec-

trum estimate for mode k and angle µ between the
line of sight and k (McQuinn et al. 2006; Lidz et al.
2008), when neglecting systematic e↵ects such as im-
perfect foreground removal, reads as
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where the first term is due to cosmic variance, the sec-
ond term describes the thermal noise of the instrument,
and the window function W21 (k, µ) includes the lim-
ited spectral and spatial instrumental resolution. As we
want to consider SKA stage 1, we take B = 8MHz for
the survey bandwidth, a total observing time time of
tint = 1000 hr, an instrument system temperature of
Tsys = 400K, and an e↵ective survey volume of Vsur =
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and comoving distance and survey depth � and ��.
The antenna distribution enters via the number den-
sity of baselines n (k?) = 0.8 that observe transverse
wavenumber k?, which we (simplistically) assume to be
constant as in Chang et al. (2015). The window function
W21 (k, µ) reads, as in Lidz et al. (2011), as
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Aperture diameter (m) 0.2
Survey Area (AS; deg2) 13
Total integration time (hours) 2900
Free spectral range (Bl ; µ m) 0.85�1.1
Freq. resolution (l/dl ) 220
Number of pixels in 2D array 72900
FOV per pointing; deg2 0.6
Observational time per pointing (hours) 129.5
Survey volume (Mpc/h)3 8.5⇥107

from an assumed Lya intensity mapping experiment which consists of an aperture array with the
parameters described in table 3. The parameters of the 21cm intensity mapping observation with
SKA1-LOW are described in Table 1 for z = 8, and the assumed frequency dependence of instru-
ment system temperature Tsys and the collecting area Ae are as follows: Tsys = Tsky +Trec, where
Tsky = 60

� 300MHz
n

�2.55 K is the sky temperature in Kelvin, and Trec = 0.1⇤Tsky +40K is the instru-
ment receiver temperature. Ae = 925

� 110
n
�2 m2. The Lya intensity mapping calculation is from

Silva et al. (2013). The forecast shows that the 21cm and Lya cross-power spectra can be de-
tected at high SNR values of (789, 442, 273, 462) for z = (7,8,9,10), respectively, and is shown in
Figure 3.
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Figure 14. H↵ to Ly↵ cross-correlation coe�cient
CCCH↵,Ly↵ of brightness fluctuations at redshift z = 10 and
z = 7. Shown is the cross-correlation of the sum of galac-
tic and di↵use IGM fluctuations in H↵ with total Ly↵ fluc-
tuations “Ly↵-tot” and with the di↵use IGM contribution
“Ly↵-dIGM” (top), as well as the scattered IGM contribu-
tion “Ly↵-sIGM” (bottom).

total Ly↵ emission, “Ly↵-tot” in both panels of Fig-
ure 14, the CCC is close to one both at both redshifts
z = 10 and z = 7, with a slight decrease toward higher
k. When cross-correlating H↵ emission with the di↵use
(top panel) and the scattered (bottom panel) IGM com-
ponent of Ly↵ emission, the CCC sharply decreases to-
ward smaller scales (higher k). There even is a turnover
from positive cross-correlation at lower k to negative
cross-correlation at high k, at both redshifts z = 10 and
z = 7. The most prominent decrease of the CCC with
k is visible for the di↵use IGM at redshift z = 7 (top
panel, orchid dots). Interestingly, the redshift behav-
ior of the CCC for di↵use IGM versus scattered IGM is
di↵erent.
The di↵erent behaviors for components of Ly↵ emis-

sion when cross-correlated with H↵ emission mostly
tracing galactic emission was shown in this section. This
can be used to single out the IGM contribution to the
total Ly↵ emission and distinguish galactic and IGM
components of Ly↵ emission.

4. SIGNAL-TO-NOISE RATIO CALCULATION

Now that we have simulated 21cm and Ly↵ emission in
order to calculate their respective auto and cross-power
spectra, as well as investigated parameter e↵ects, we
turn to estimating the detectability of these spectra by
future probes of the EoR. We first discuss the 21cm and
Ly↵ noise auto spectra and then their noise cross-power
spectra in the following sections.

4.1. 21 cm Noise Auto Spectrum and Foreground

Wedge

In this section, we consider the noise power spectrum
of 21cm emission, with our signal-to-noise ratio (S/N)
calculation including cosmic variance and thermal and
instrumental noise. We proceed to integrate the so-
called 21cm foreground wedge in our S/N calculations.
Instrument specifications are taken to match the SKA
stage 1 (Pritchard et al. 2015) for line intensity mapping
of the 21cm brightness temperature during the EoR.
The variance for a (dimensional) 21cm power spec-

trum estimate for mode k and angle µ between the
line of sight and k (McQuinn et al. 2006; Lidz et al.
2008), when neglecting systematic e↵ects such as im-
perfect foreground removal, reads as
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where the first term is due to cosmic variance, the sec-
ond term describes the thermal noise of the instrument,
and the window function W21 (k, µ) includes the lim-
ited spectral and spatial instrumental resolution. As we
want to consider SKA stage 1, we take B = 8MHz for
the survey bandwidth, a total observing time time of
tint = 1000 hr, an instrument system temperature of
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from an assumed Lya intensity mapping experiment which consists of an aperture array with the
parameters described in table 3. The parameters of the 21cm intensity mapping observation with
SKA1-LOW are described in Table 1 for z = 8, and the assumed frequency dependence of instru-
ment system temperature Tsys and the collecting area Ae are as follows: Tsys = Tsky +Trec, where
Tsky = 60

� 300MHz
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�2.55 K is the sky temperature in Kelvin, and Trec = 0.1⇤Tsky +40K is the instru-
ment receiver temperature. Ae = 925
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�2 m2. The Lya intensity mapping calculation is from

Silva et al. (2013). The forecast shows that the 21cm and Lya cross-power spectra can be de-
tected at high SNR values of (789, 442, 273, 462) for z = (7,8,9,10), respectively, and is shown in
Figure 3.
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Figure 14. H↵ to Ly↵ cross-correlation coe�cient
CCCH↵,Ly↵ of brightness fluctuations at redshift z = 10 and
z = 7. Shown is the cross-correlation of the sum of galac-
tic and di↵use IGM fluctuations in H↵ with total Ly↵ fluc-
tuations “Ly↵-tot” and with the di↵use IGM contribution
“Ly↵-dIGM” (top), as well as the scattered IGM contribu-
tion “Ly↵-sIGM” (bottom).

total Ly↵ emission, “Ly↵-tot” in both panels of Fig-
ure 14, the CCC is close to one both at both redshifts
z = 10 and z = 7, with a slight decrease toward higher
k. When cross-correlating H↵ emission with the di↵use
(top panel) and the scattered (bottom panel) IGM com-
ponent of Ly↵ emission, the CCC sharply decreases to-
ward smaller scales (higher k). There even is a turnover
from positive cross-correlation at lower k to negative
cross-correlation at high k, at both redshifts z = 10 and
z = 7. The most prominent decrease of the CCC with
k is visible for the di↵use IGM at redshift z = 7 (top
panel, orchid dots). Interestingly, the redshift behav-
ior of the CCC for di↵use IGM versus scattered IGM is
di↵erent.
The di↵erent behaviors for components of Ly↵ emis-

sion when cross-correlated with H↵ emission mostly
tracing galactic emission was shown in this section. This
can be used to single out the IGM contribution to the
total Ly↵ emission and distinguish galactic and IGM
components of Ly↵ emission.

4. SIGNAL-TO-NOISE RATIO CALCULATION

Now that we have simulated 21cm and Ly↵ emission in
order to calculate their respective auto and cross-power
spectra, as well as investigated parameter e↵ects, we
turn to estimating the detectability of these spectra by
future probes of the EoR. We first discuss the 21cm and
Ly↵ noise auto spectra and then their noise cross-power
spectra in the following sections.

4.1. 21 cm Noise Auto Spectrum and Foreground

Wedge

In this section, we consider the noise power spectrum
of 21cm emission, with our signal-to-noise ratio (S/N)
calculation including cosmic variance and thermal and
instrumental noise. We proceed to integrate the so-
called 21cm foreground wedge in our S/N calculations.
Instrument specifications are taken to match the SKA
stage 1 (Pritchard et al. 2015) for line intensity mapping
of the 21cm brightness temperature during the EoR.
The variance for a (dimensional) 21cm power spec-

trum estimate for mode k and angle µ between the
line of sight and k (McQuinn et al. 2006; Lidz et al.
2008), when neglecting systematic e↵ects such as im-
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where the first term is due to cosmic variance, the sec-
ond term describes the thermal noise of the instrument,
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Line Intensity Mapping with SPHEREx
Hα fluctuations at z~1

• SPHEREx will produce 96 spectral images and map 3D intensity fluctuations of 
multiple line tracers across redshift.

• Simulation work on-going, including a 10 deg2 lightcone of multiple emission lines 
(Hα, Hβ, [OIII], [OII]) at 1 < z < 10 plus stellar continuum using the Hidden Valley 
simulations, and Lyα analytical treatment of radiative transfer effects during EoR. 

Lyα fluctuations at z=6.6

50 Mpc 50 Mpc



Line signal de-confusion

• High-z Lyα and low-z Hα lines can be confused in SPHEREx in the IM regime.

• We are planning to use a combination of well-demonstrated techniques:

• Masking bright, low-z sources: employed in CMB, CIB, EBL and studied for IM (e.g., Sun+16, 
Silva+17). 

• Use the anisotropic power spectrum shape of Lyα and Hα (from observing to comoving 
coordinates) to distinguish the lines (Visbal & Loeb 2010; Gong+14; Lidz & Taylor 2016; 
Cheng+ 2016). 

• Cross-correlations of different lines at same redshift (e.g., Visbal & Loeb 2010; Gong+12, +17).

• Cross-correlations with galaxy tracers (e.g., Chang+10, Masui+13, Pullen+13, +17). 

The Astrophysical Journal, 785:72 (11pp), 2014 April 10 Gong et al.

Figure 10. 2D anisotropic power spectra shown by perpendicular and parallel Fourier modes for the signal (Lyα), foreground (only Hα here), and total observed
signal+foreground. We find the 2D signal power spectrum is almost symmetric for k⊥ and k∥, and the redshift distortion effect is relatively small. For the foreground
power spectrum at low redshift, because the redshift distortion effect is strong and the shift factor on the foreground k⊥ and k∥ are different, the shape of the power
spectrum is irregular. This effect provides a way to distinguish the signal and the foreground in principle. The total power spectrum is similar with the foreground
power spectrum, since the amplitude of the signal power spectrum is much lower than the foreground.
(A color version of this figure is available in the online journal.)

are basically consistent with each other, especially for the Hα
and [O iii] lines. The mean intensity of the three lines are
ĪHα ∼ 15 Jy sr− 1, Ī[O iii] ∼ 13 Jy sr− 1, and Ī[O ii] ∼ 24 Jy sr− 1,
which are larger than the ĪLyα ∼ 10 Jy sr− 1. The results from the
LFs in Ly et al. (2007) is in good agreements with the others,
and we adopt their LFs and the errors to calculate the power
spectrum and uncertainty for the three foreground lines.

At last, we discussed the methods to remove the foreground
contamination due to low-redshift emission lines. We first
compared the power spectrum of the Lyα at z ∼ 7 to the
Hα, [O iii], and [O ii] power spectrum at low redshifts, and
then we considered the projection effect in the real survey. The
power spectrum of the foreground lines becomes larger after
the projection. We then proposed to mask the whole bright
pixels with foreground emission above some flux threshold to
reduce the contamination of the foreground lines in the intensity
mapping. We found that the contamination can be neglected
when the flux cut is 1.4 × 10− 20 W m− 2. The cross-correlation
method is helpful to reduce or to estimate the contamination,
but it is indirect and cannot substitute the masking method in
the survey of the intensity mapping.
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APPENDIX

In Equation (28) of Section 4.1, we see that the observed
foreground power spectrum is actually anisotropic, i.e., not
simply a function of k =

√
k2
⊥ + k2

∥ . This can in principle
be used in the foreground cleaning process. In particular,
after the intensity cut, we can check if there is still any
strong contamination by looking at the anisotropy of the
total power spectrum. In order to check the strength of these
anisotropies caused by the projection effect, we calculate the
two-dimensional (2D) anisotropic power spectra for the signal
and foregrounds. Here we also take into account of the linear
redshift-space distortions. In that case, the bias should be

replaced by

bs(zs) → bs(zs) +

⎛

⎝ k∥√
k2
⊥ + k2

∥

⎞

⎠
2

1
H (zs)

Ḋ(zs)
D(zs)

bf (zf ) → bf (zf ) +

⎛

⎝ (y s/yf )k∥√
(rs/rf )2k2

⊥ + (y s/yf )2k2
∥

⎞

⎠
2

× 1
H (zf )

Ḋ(zf )
D(zf )

.

Here, D(z) is the growth factor. The normal expression of the
second term of the bias is f µ2. Here f = d ln D/d ln a , where a
is the scale factor, and µ = cos θ , where θ is the angle between
the line of sight and the wave-vector k. We also notice that the
so-called non-gravitational effects can introduce strong redshift-
space distortion effect (Zheng et al. 2011; Wyithe & Dijkstra
2011). According to full Lyα radiative transfer calculations, the
Lyα emission is dependent on environment (gas density and
velocity) around LAEs. The observed LAE clustering features
can be changed by this effect especially at high redshifts.
However, this effect relies on “missing” Lyα photons scattering
in relatively close proximity to Lyα emission galaxies, which
could be recovered by intensity mapping. Therefore, we ignore
this effect in our discussion.

In Figure 10, we show the 2D anisotropic power spectrum
decomposed into k⊥ and k∥ for the signal, foreground and the
total observations. We just show the Hα foreground here, since it
has the lowest redshift among the other two foreground lines and
has the largest effect of the power spectrum projection. We find
the shape of the signal power spectrum is quite symmetric and
the redshift distortion effect is relatively small, since the signal
comes from high redshifts. However, for the foreground, the
shape of the spectrum is irregular due to the redshift distortion
and the different factors on the k⊥ and k∥ (i.e., rs/rf on k⊥ and
y s/yf on k∥) in the projection. This effect provides a potential
method to distinguish the signal from the foreground and could
be helpful to remove the foreground in future high sensitivity
experiments.
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